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Abstract 
The aim of the present work is to assess the bond toughness of epoxy bonded joints with laser treated aluminum substrates.
Low power laser ablation was herein carried out on AA6082-T4 substrates using an ytterbium fiber pulsed laser. The 
morphological and elemental modifications induced by the laser process were examined using surface profilometry,  scanning 
electron microscopy (SEM) and X-Ray photoelectron spectroscopy (XPS). Mechanical tests were carried out on Double 
Cantilever Beam (DCB) samples. A several-fold improvement of fracture toughness was obtained with respect to tests done by 
some of the authors on steel/epoxy joints with the same adhesive. Verification of this improvement also on Al/epoxy joints is 
being performed. 
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1. Introduction 
Adhesive bonding has been successfully employed for several structural applications, ranging from 
microelectronics devices to civil infrastructures because of the well-documented advantages they provide over the 
traditional joining technologies (Kinloch, 1986; Adams, 2010). However, the strength of adhesive joints strongly 
depend on surface preparation and surface conditions. Different kind of surface treatment have already been 
developed, such as mechanical grinding or sandblasting, which can effectively control surface roughness and joint 
strength (Baldan, 2004). On the other hand, chemical etching treatments, which are employed in the aircraft and 
automotive industries, provide superior performances, because they promote the formation of rough fibrillated 
surface thereby improving mechanical interlocking (Critchlow and Brewis, 1996). Finally, anodizing processes 
affect adhesion and durability of the joint as a result of an electrochemically formed porous oxide film which favors 
chemical interaction with the adhesive (Spadaro et al. 2006). Recent works also focused on laser irradiation with 
excimer (Palmieri et al., 2012) or solid state lasers (Langer et al., 2012). More recently, fiber lasers, e.g. ytterbium 
(Yb) fiber laser, have been also employed, see for instance (Alfano et al., 2011). A pulsed laser surface pre-treatment 
can exert a beneficial action on the strength of adhesive joints. It allows to remove contaminants and produce 
favorable changes in both chemical composition and morphology (Alfano et al., 2011, 2012, in press) .  
In our previous work, we have shown that low power pulsed laser irradiation of Al and steel substrates for 
adhesive bonding can lead to improved mechanical performance as determined through the single lap shear 
geometry (Alfano et al., in press). Specifically, it enhances the joint strength because of (i) the increased mechanical 
interlocking between the adhesive and the substrates and (ii) the improved chemical bonding of the adhesive 
molecules to the metal oxide formed on the substrate surface. 
The aim of the present work is to extend the scope of the previous study and assess the variation of bond 
toughness. Low power laser ablation was herein carried out on aluminum (AA6082-T4) substrates using an 
ytterbium fiber pulsed laser (LaserPoint YFL 20P). The morphological and elemental modifications induced by the 
laser process were examined using surface profilometry, scanning electron microscopy (SEM) and X-Ray 
photoelectron spectroscopy (XPS). Finally, mechanical tests were carried out on Double Cantilever Beam (DCB) 
samples. The DCB has been selected because it is easily manufactured, and accurate data reduction schemes for the 
determination of fracture toughness are available (Alfano et al., 2011). The obtained results showed that low power 
laser ablation can increase the toughness of adhesive bonded joints. 
2. Materials and methods 
2.1. Materials 
The specimens analyzed in the paper are Double Cantilever Beams (DCBs) made-up of aluminum alloy 
(AA6082-T4) substrates bonded with Hysol 9466 (Henkel, Germany), a two component, medium viscosity and fast 
curing epoxy adhesive suited for general purpose industrial applications. Substrates were cut at a length L = 120 
mm, width b = 25 mm and thickness h = 6 mm. As for the Youngs’ modulus of the aluminum, the typical values E = 
70 GPa and Q = 0.29 are taken. Concerning the adhesive, properties were taken from Pirondi et al. (2007). 
2.2. Surface pre-treatments 
Laser ablation of aluminum alloy and stainless steel substrates was carried out using a LaserPoint YFL 20P 
ytterbium fiber laser operated in pulsed mode (1055–1070nm wavelength, 20–80 Hz pulse repetition frequency, 
120ns minimum pulse Full Width at Half Maximum, FWHM). The laser is able to achieve continuous power levels 
up to 20W with adjustable line spacing (LS) and feed rate (V). The LS and V parameters 100 can be adjusted by 
controlling the X-Y stage where the sample under treatment is placed. In this work, LS and V have been set equal to 
60 mm (50% larger than spot size) and 5mm/s (maximum feed rate of the system), respectively. The laser power 
was set equal 20W because provided the best performance in terms of surface morphology, and chemistry [9]. A 
summary of the laser process parameters employed herein is given in Table 1. Note that the process was carried out 
at room temperature and pressure and in atmospheric environment.  
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           Table 1. Laser processing parameters. 
Parameter Value 
Laser nominal power [W] 1-20 
Emission wavelength [nm] 1055-1070 
Emission line width [Pm] < 10 
Mode of operation  pulsed 
Pulse frequency range [kHz] 20-80 
Minimum pulse width FWHM [ns] 120 
Beam quality factor, M2  1.8 
Laser beam mode  TEM00 
Spot size [Pm] 40 
2.3. Analysis of surface morphology and chemistry 
In order to analyze surface morphological modifications made by the laser process, SEM analyses (Cambridge 
Stereoscan, 20 keV electron beam, current 3.4 mA, spot size 1.4mm2) were carried out on as-produced and surface 
pre-treated samples. Moreover, contact profilometry was also undertaken using a SM RT-150 stylus-based 
profilometer to have a quantitative assessment of surface morphology. In particular, the Sk field parameter (core 
height) was employed as a measure of the surface roughness. Sk represents a measure of the nominal roughness and 
may be used to replace the mean roughness, Ra, and similar parameters. It is more robust than Ra especially when 
localized singularities (e.g., very high peaks or deep pits) are present on the surface. The evaluation of Sk required 
each specimen to be sampled 12 times. Each resulting data set, consisting of a height map sized 64x64 points with 
uniform spacing, dx=dy=12.5 mm, was leveled by subtraction of the least-squares mean plane and used to evaluate 
the principal 3D field parameters for surface finish assessment, as defined in ISO=FDIS 25178-2. 
XPS measurements were carried out in an ultra-high vacuum (UHV) chamber equipped for standard surface 
analysis with a base pressure in the range of 10-9 torr. Non-monochromatic Mg-Ka X-ray (hQ=1253.4 eV) was used 
as  excitation source. The XPS spectra were calibrated with the C1s peak of a pure carbon sample (energy position 
284.6 eV). All XPS spectra have been corrected with analyzer transmission factor and the background was 
subtracted using the straight line subtraction mode. Moreover, the XPS data were fitted assuming a Gaussian 
distribution for high resolution analysis. 
2.4. Joint preparation and mechanical testing 
The specimens analyzed in the paper are Double Cantilever Beam (DCB). Specimen fabrication and testing have 
been carried out according to the recommendation reported in the ASTM standard D 3433-99. After surface 
preparation, the adhesive was applied to substrate surfaces and an un-bonded area was introduced using a Teflon 
film. An initial pre-crack a0 = 25 mm was subsequently created during testing by means of repeated loading-
unloading cycles. An adhesive bond-line thickness nominally equal to t = 0.3 mm (representative of practical 
applications) was ensured using a brass foil as spacer. Specimens were cured at 70° for 30 minutes. Tests were 
performed at room temperature using a servohydraulic universal testing machine (MTS 810). The crack mouth 
opening displacement (G) was measured using a clip-gage.  
The strain energy release rate is evaluated using the following equation (Krenk, 1992) 
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where a is the crack length, P is the load, E the Young’s modulus and I is the second moment of area of the beam 
section, Ea’ the plane strain Youngs’ modulus of the adhesive. Therefore, Eq. (1) allows one to determine the 
fracture energy of a test sample when the evolution of crack growth is known from Eq. (2), which is turn fed by 
compliance values measured at given points during the test by unloading-reloading. Therefore, given inputs as the  
3. Results 
3.1. Analysis of surface morphology and chemistry 
Using laser irradiation a fraction of the laser beam energy is absorbed by the material, thus promoting material 
ablation, i.e. removal by vaporization and erosion. In order to analyze surface morphological modifications, contact 
profilometry as well as scanning electron microscopy were undertaken. Contact profilometry was carried out using a 
SM RT-150 stylus-based profilometer. In particular, the Sk field parameter (core height) was employed as a 
measure of the surface roughness. Fig. 1 shows SEM images of as produced and laser irradiated (@18 W) aluminum 
substrate. Table 2 reports the mean values and standard deviations of the Sk parameter for all the analyzed samples.  
 
Fig. 1. Surface profile of as produced (ap) and laser treated (18W) samples as obtained through surface profilometry. 
                Table 3. Surface roughness readings for as produced and surface treated Al substrates. 
Sample Sk parameter [mm] 
 mean value standard deviation 
 As produced 1,05 0,16 
Laser 1W 1,25 0,21 
          2W 1,23 0,23 
          3W 1,06 0,20 
          4W 1,51 0,32 
          5W 1,32 0,18 
          6W 1,43 0,21 
          7W 1,50 0,20 
          8W 1,32 0,18 
          9W 1,63 0,17 
          10W 1,35 0,15 
          11W 1,54 0,20 
          12W 4,38 2,44 
          13W 11,40 0,47 
          14W 10,71 0,49 
          15W 10,14 0,43 
          16W 10,19 0,59 
          17W 12,68 0,53 
          18W 12,60 0,79 
          19W 10,68 0,78 
          20W 10,22 0,33 
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The survey spectrum for as received sample showed that the surface is characterized by the presence of 
aluminum, carbon and oxygen. Contaminants such as tungsten and fluorine were also observed. Laser irradiation at 
power levels up to 11 W, was not able to remove the contaminants from substrate surface. However, when the 
power level achieves values equal or higher than 12W, surface contaminants are no longer detected. This results is 
further demonstrated through the quantitative elemental analysis reported in Tab. 3. Indeed the oxygen content 
decreased with laser intensity, while the aluminum percentage increased, thereby confirming the laser irradiation 
ability to clean the sample.  
             Table 3. Surface chemical composition. 
Substrate Element (at. %) 
AA 6082-T4 
aluminum 
alloy 
Al Fe O C Cr W F  
As produced 29.2 - 17.5 49.6 - 1.5 2.2  
Laser 8W 29.7 - 19.3 47.6 - 1.3 2.1  
Laser 18W 39.8 - 12.4 47.8 - ND ND  
3.2. Fracture toughness tests 
Load- crack mouth opening displacement (G) curves for the three specimens tested are shown below (Fig.2), which 
exhibit quite a ductile behavior. 
 
Fig. 2. DCB tests results for laser ablated specimens. Load versus crack mouth opening displacement is shown. 
 
As indicator of fracture toughness, strain energy release rate (G) has been evaluated for the test specimens. An 
average value of 3.47 N/mm has been obtained with a standard deviation of 0.40 N/mm was calculated. For 
comparison, DCB tests carried out in a previous work on manually ground steel/epoxy joints with the same adhesive 
led to a strain energy release rate in the range 0.49-0.69 N/mm (Pirondi et al., 2007), that is several times lower than 
in the present case. 
Fracture surfaces have been observed using  scanning electron microscopy. Typical cohesive fractures occurred 
in the specimens and an example can be observed in Fig.3. The whitening of fracture surfaces indicates a high 
degree of inelastic deformation, which may be enhanced also by the mechanical interlocking due to laser ablation. 
Several voids are also clearly visible in the adhesive. 
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Fig. 3. Typical fracture surface observed without magnification (left) and using SEM (right). 
4. Conclusions and future works 
The aim of the present work was to assess the bond toughness of epoxy bonded joints with laser treated 
aluminum substrates. Low power laser ablation was carried out on aluminum alloy substrates using an ytterbium 
fiber pulsed laser. The morphological and elemental modifications induced by the laser process were examined 
using surface profilometry, scanning electron microscopy and X-Ray photoelectron spectroscopy. Finally, 
mechanical tests were conducted on Double Cantilever Beam (DCB) samples. The results obtained showed that low 
power laser ablation can increase the toughness of adhesive bonded joints in comparison to simple degreased 
steel/epoxy joints bonded with the same adhesive (Pirondi et al., 2007). Verification of this improvement with 
respect to simple degreased Al/epoxy joints is being performed. 
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